Using a database of allozyme studies, correlations in heterozygosity between selected enzyme loci (MDH, aGPDH, IDH, 6PGDH, LDH, SOD, AAT, PGM, EST, PGI) were calculated across vertebrate species. Large and positive correlations were observed with untransformed heterozygosity values. However, after transformation to correct for mean species heterozygosity, correlations were substantially reduced and median values were closer to zero. Some enzymes were more often involved in significant correlations than others, and correlations calculated across species within vertebrate classes were significant for different enzyme pairs in different classes. There was no evidence that significant correlations occurred primarily between functionally related enzymes. It is suggested that the observed correlations are best explained by variation between enzyme loci in functional constraint and effective neutral mutation rate.
Introduction
Under neutral theory genetic drift does not occur independently at linked loci. Instead it leads to heterozygosity correlations across replicate populations and to linkage disequilibrium (Ohta & Kimura, 1969) . The magnitude of the effect increases with decreasing recombination freqency (r) and decreasing population size (N). For example, neutral disequilibrium will only be favoured when 4Nr < 10, that is in very small populations or when there is tight linkage (Hudson, 1985) . Epistatic selection can, however, give rise to disequilibrium between loci which are not closely linked and might also give rise to heterozygosity correlations. Thus the search for disequilibrium and heterozygosity correlations provides a means to test the neutral theory.
Numerous studies have been made of linkage disequilibrium in natural populations. Disequilibrium (D) values for allozyme loci are generally close to zero, unless the loci are closely linked, or inversions are involved, or the studies are of selfing plants (Clegg et a!., 1972; Mukai eta!., 1974; Weir eta!., 1974; Brown eta!., 1977; Langley eta!., 1977 Langley eta!., , 1978 . Linkage disequilibrium has been observed for closely linked blood group loci such as the MNSs loci (Race & Sanger, 1975) , the HLA system (Hedrick eta!., 1986) and certain genetic diseases (Thomson & Bodmer, 1977) .
Thus experimental results are largely in accord with the expectations of neutral theory.
Little work has been carried out to test the neutral theory by examining heterozygosity correlations. This may be due to problems associated with choosing data suitable for a test of the neutral theory null hypothesis of zero correlation. The loci must not be very closely linked, population samples must be available in order to estimate heterozygosity, populations contributing to a given correlation should not be closely related by descent from a common ancestor, and it must be possible to establish homologies of loci in distantly related populations. In addition, many independent estimates of heterozygosity must be obtainable especially if the correlations are small. DNA sequence data does not at present satisfy these criteria. The present study of heterozygosity correlations is carried out using allozyme data of which there is an abundance in the literature, which do satisfy the above criteria.
A precedent for the approach used in this paper is provided by the work of Gauldie (1984) who examined allozyme data for five enzymes in a range of vertebrate and invertebrate species and found evidence of a negative heterozygosity correlation between PGM and PGI. Selection was invoked to explain this result. In the present study, heterozygosity correlations among 10 enzymes were computed and analysed using a database for vertebrate species including representatives from all five vertebrate classes. Many significant correlations were observed although these were generally small in magnitude. The occurrence of significant correlations does not appear to be taxon-dependent, however some enzymes are more frequently involved in significant correlations than others.
Materials and methods
Analyses were carried out using a database of allozyme studies of natural outbreeding animal populations. Most of the data has been obtained from published sources but unpublished data is also included (see Acknowledgements) . References for much of the data are given in Skibinski & Ward (1981) and Ward & Skibinski (1985) , but a complete list is available on request from the authors. For allozyme results to be incorporated into the database, certain selection criteria have to be satisfied. Species must be scored for 15 or more allozyme loci, with 15 or more individuals sampled per locus.
Heterozygosity according to Hardy-Weinberg expectation was computed for each species, for each locus from the observed allele frequencies. Where several loci were scored in a species for a given enzyme one of the loci was chosen at random for analysis and data for the other loci discarded. Sets of populations within a single species were not used to provide several estimates of heterozygosity per locus because their heterozygosity values are expected to be correlated through descent from a common ancestor, particularly in closely related populations . In this situation, allele frequencies were averaged over populations and expected heterozygosity calculated for each locus from these species averages.
Following computation of the expected heterozygosity for each locus for each species, a two-dimensional species by enzyme matrix of heterozygosity values was drawn up. Rows and columns were then eliminated from the matrix to generate a new species by enzyme matrix without holes in which every remaining species had a heterozygosity value for every remaining enzyme.
It was found that the total amount of data remaining was close to its maximum when all but the 10 most frequently scored enzymes in the database were eliminated. Thus the analysis was carried out with these enzymes. The chosen enzymes were: MDH (E.C.
1.1.1.37), aGPDH (E.C. 1.1.1.8), IDH (E.C. 1.1.1.42), 6PGDH (E.C. 1.1.1.44), LDH (E.C. 1.1.1.27), SOD (E.C. 1.15.1.1), AAT (E.C. 2.6.1.1), PGM (E.C. 5.4.2.2), EST (EC. 3.1.1.-), PGI (E.C. 5.3.1.9). One hundred and twenty-three species were scored for these 10 enzymes.
It is known that species and higher order taxonomic groups differ in mean heterozygosity (Nevo et a!. 1984) . This might reflect differences in effective population size or selective influences. Thus correlations of heterozygosity between loci across species could be augmented by a factor relating to differences in the overall level of heterozygosity between species. If, for example, species differ in effective population size, then according to the neutral theory, mean heterozygosity will vary across species and heterozygosity correlations will reflect variation in this parameter. The advantage of using a dataset without holes is that it allows correction for this effect. This is achieved through transformations of the heterozygosity values.
The first transformation, giving hq and carried out by division by the species average, corrects for differences in the overall heterozygosity as a scale transformation. The second and third transformations directly address the problem of variation in effective population size by using equations derived for expected heterozygosity for the infinite allele model (Wright, 1949) and the more realistic stepwise mutation model (Ohta & Kimura, 1973) . These are:
H= 1-1/(M+ 1) (Kimura & Crow, 1964) The analytical approach is similar to that devised by Zouros (1978) for estimation of the relative neutral mutation rate. Values of my were calculated for each enzyme for each species using the equations for M for the infinite allele model (transformation 2) and the stepwise mutation model (transformation 3). The structure of the data matrix and transformations are represented algebraically in Table 1 .
Non-parametric correlations in heterozygosity values between each of the 45 possible pairs of enzymes across the 123 species were calculated. Correlations were similarly computed for h (transformation 1) and m (transformations 2 and 3). The correlations of m will not be confounded with variation in N between species but will measure the correlation of the neutral mutation rate between enzymes, although the correlations will be confounded by variation in the average species neutral mutation rate (a).
Other tests were perfonned on the dataset of 123 species. The dataset was divided up into subsets (the five vertebrate classes) and the correlation analyses described were repeated for each subset. These tests were performed to give indications of any taxon-specific contribution to correlations in heterozygosity between enzyme loci and to test the robustness of correlations that had repeatedly been found to be significant when vertebrate data were considered as a whole.
Results
Spearman, Rank, correlation coefficients among the 10 chosen enzymes are shown in Fig. 1 . Each correlation is represented twice, appearing in the columns for both enzymes in the correlation. Nine out of 45 correlations are significant for both the Kendall and Spearman tests (see Sokal & Rohif, 1981, P. 601 and 607, respectively) .
Both correlations were performed on the untransformed data and on the data subject to all three transformations but as the results of the two tests are similar, (Fig. 1) . Figure 2 shows the effect on the correlation of dividing each locus heterozygosity by the mean heterozygosity of the 10 enzymes (transformation 1). The effect of species level heterozygosity is confirmed because the number of significant correlations is reduced to three out of 45, and now there are similar numbers of positive and negative values. produced by transformation 1 (Fig. 2) , showing that these three transformations are roughly equivalent in effect. For all three transformations, the same three or four pairs of loci give significant correlations, with LDH-SOD having the most consistently high values in this dataset. The correlations are generally small, seldom exceeding 0.2 even in Fig. 1 , where the number of significant values is greatest.
A high correlation of heterozygosity between two enzymes in the whole dataset can be attributed either 
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to correlations within each of the subsets (birds, fish, mammals, reptiles, amphibia) or to correlated differences in mean heterozygosity between subsets. In order to test for these effects, each taxonomic group was analysed separately. The number of significant correlations and the median and inter-quartile range of correlation coefficients for each group are given in Table 2 for untransformed data and for the three transformations. Significant correlations were obtained for all the subsets, and for birds and fish the numbers of significant values exceed those obtained for the pooled data for all but the raw heterozygosity correlations. Thus the correlations for the pooled data cannot simply be attributed to correlated differences in mean between subsets.
The inter-quartile ranges of the correlation values given in Table 2 are small, particularly for the transformed data although some of the individual correlations are quite large and significant. For the untransformed data, the median and range suggests an overall tendency towards positive correlations. Following transformation, this tendency is reduced, if not eliminated.
In order to ascertain whether the significant correlations in each subset could have arisen by chance, two tests were performed on the set of correlation coefficients for the whole dataset and for each taxonomic subset separately for each transformation (totalling 24 sets of 45 correlations). First, an a posteriori test of significance was carried out. The sequential Bonferroni test of table wide significance (Rice, 1989) was used.
The results of this procedure indicate that, at the 5 per cent significance level, the enzyme pair LDH-SOD was significant for the pooled dataset with each transformation. In birds, 6PGDH-PGM also proved to be significant at the 5 per cent significance level across all four tranformations. The only other significant result was obtained for LDH-PGI in fish for the untransformed dataset. The majority of correlation coefficients significant in the original a priori tests are no longer significant following the Bonferroni procedure. There can be some confidence, however, that the few remaining significant correlations reflect real associations between the enzymes.
Secondly Tests 1 and 2 were not significant, indicating no overall difference in the strength of correlations among the subsets and total dataset. This confirmed that the generally positive correlations for the total dataset were unlikely to be due to correlated differences in heterozygosity between the animal groups, which suggested that the correlations occurred within the animal groups, not between them. Test 3 was significant (X4 = 61.432, P = 0.042), which suggested that across all subsets there were differences between enzyme pairs. In test 4, an extension of test 3, enzyme pairs involving PGM and enzyme pairs involving EST were shown to have significantly lower mean rankings than the remaining enzyme pairs (P <0.05) and enzyme pairs involving aGPDH had significantly higher rankings (P <0.05). Because correlations are calculated for pairs of enzymes the results for different enzymes are not independent of one another. For example, it can be seen from Table 3 that although aGPDH usually occurs high up in the ranking it also occurs at the bottom when it is paired with PGM, an enzyme with low r= Spearinan Rank correlation coefficient of heterozygosity. Data transformed using the stepwise mutation model (Ohta & Kimura, 1973 
Discussion
The results of this study provide evidence for an overall tendency towards significant heterozygosity correlations between enzymes across species. A few individual enzyme pairs were identified as being significant in an a posteriori test. In addition, evidence was obtained to indicate that some enzymes are more often involved in significant correlations than others. Transformations which correct for the effect of differences in overall heterozygosity between species, markedly reduce the general tendency towards positive correlations.
Significant correlations in heterozygosity can be explained in a number of ways. Variation in functional constraint between enzyme loci will lead to variation in effective neutral mutation rate and thence to variation in heterozygosity values, with higher functional constraint associated with lower heterozygosity. Both the positive and negative correlations could be explained under neutral theory by positive or negative correlations between enzyme loci in neutral mutation rate across taxa. Thus if two enzymes are both subject to high functional constraint in some species and low constraint in others, a correlation in effective neutral mutation rate will occur and lead at equilibrium to a positive heterozygosity correlation. Functional constraint can arise from a number of causes. Enzymes on a main metabolic pathway carry out an essential role in metabolism, and thus may be subject to more constraint than other enzymes (Gojobori, 1982) . Enzymes that are substrate-specific are thought to be more constrained than those that can accept a wider range of substrates (Gojobori, 1982) . Multimeric enzymes and those with smaller subunit sizes are also thought to be under higher constraint (Koehn & Eanes, 1978; Nei et a!., 1978; Ward, 1978) . Other factors that might be involved in constraint include whether an enzyme metabolises glucose (group I) or not (group II) (Kojima et aL, 1970 ) and whether or not it is involved in regulation (Johnson, 1974) . All these properties might act in concert to provide an overall functional constraint for an enzyme which will affect its heterozygosity. If these properties vary in a taxon-specific way then heterozygosity correlations might result.
Metabolic and regulatory properties of enzymes might also be involved in a selective interpretation of heterozygosity correlations. For two enzymes it is necessary to postulate that balancing selection favours situations where both enzymes are polymorphic or both have low levels of variation. Koehn eta!. (1988) suggested that selection might work on biochemical pathways rather than single enzymes to minimize pathway maintenance costs. The Costs would be reduced if the activity of successive steps was adjusted to ensure that build up of intermediate substrates did not occur. Because the activity of allozyme heterozygotes tends to be intermediate between the activity of corresponding homozygotes (Falconer, 1989) , such a situation might occur when individuals were either multiply heterozygous or multiply homozygous. At the population level, this situation might be achieved when pairs of loci have either high or low levels of polymorphism.
One feature of selective explanations of heterozygosity correlations is that the enzymes involved should be functionally related in some way. The observation of a negative heterozygosity correlation between PGM and PGI was discussed by Gauldie (1984) in these terms. The present study, using a different dataset, does not replicate this result; moreover, significant correlations are observed, after the application of the Bonferroni procedure, between what appear to be functionally related enzymes (6 PGDH and PGM are negatively correlated in birds) and functionally unrelated enzymes (LDH and SOD are positively correlated in the pooled dataset). A functional relationship is not required by the constraint argument. Thus while the results for 6PGDH-PGM are consistent with the expectations of selection theory, significant correlations for both 6PGDH-PGM and LDH-SOD are in accord with expectations of neutral theory.
